Prevotella spp. are believed to play a central role in ruminal nitrogen metabolism, but little is understood about the genetics and biochemistry of nitrogen assimilation and regulation in these bacteria. The gene encoding a family III glutamine synthetase (GSIII, glnN) in Prevotella bryantii B 1 4 was cloned by Escherichia coli mutant complementation, and enzyme assays as well as Northern blot analysis showed that maximal enzyme activity and glnN transcription occurred in cells grown under nitrogen-limiting conditions. Addition of methionine sulfoximine (MSX), a GS inhibitor, terminated bacterial growth when ammonium was provided as the sole nitrogen source, but the inhibitory effect could be overcome by the inclusion of either L-glutamine or trypticase in the growth medium. A P. bryantii mutant lacking glutamate dehydrogenase (GdhA) activity was isolated by ethylmethylsulfonate mutagenesis. Growth studies with different nitrogen sources showed that the mutant strain was still capable of growth with ammonium as the sole nitrogen source, albeit at a decreased growth rate. The mutant strain could also grow with L-glutamine as a nitrogen source in the presence of MSX. These data suggest that GlnN provides an effective route of ammonium assimilation for P. bryantii, in addition to that afforded by the glutamate dehydrogenase pathway.
Introduction
Prevotella spp. are a numerically predominant group of Gram-negative, obligate anaerobes present in the gastrointestinal tracts of ruminants and other herbivores under all dietary conditions [1, 2] . Most strains can utilize either ammonia or peptides as a nitrogen (N) source, and collectively, Prevotella spp. are generally believed to play a central role in the N economy of ruminants. Endogenous sources of urea are recycled to the rumen and provide a source of ammonia that supports microbial growth, especially in animals consuming protein-de¢cient feedstu¡s. However, there is little information available regarding the genetics and biochemistry of ammonia assimilation and N regulation in Prevotella spp. The limited studies with human colonic Bacteroides spp. suggest that N regulation in these bacteria is atypical of the existing enteric bacterial paradigms [3^7] . In this context, the glutamine synthetase (GS) of Bacteroides fragilis Bf-1 possesses low speci¢c activity under most growth conditions, and was the ¢rst identi¢ed member of the family III hexameric GS enzymes (GSIII, 6), which are structurally di¡erent from the dodecameric family I enzymes (GSI) of enteric bacteria, and the octomeric family II enzymes (GSII) of eukaryotic organisms [3] . Conversely, glutamate dehydrogenase (GDH) activity in these bacteria is highly regulated in response to N source and availability, with maximal activity detected under N limitation [5,8^11] . It has been further proposed that GDH in B. fragilis is the sole route of ammonia assimilation and glutamate biosynthesis under all growth conditions [4] .
In earlier studies [8, 9] , we determined that GDH activity in Prevotella bryantii B 1 4 is attributable to a single enzyme, encoded by gdhA. In both P. bryantii B 1 4 and Prevotella ruminicola 23, GDH activity was maximal when the prevailing ammonia concentration in the growth medium was low (V1 mM), suggesting this enzyme may be the primary route of ammonia assimilation under most conditions. We report here the cloning and characterization of the glnN gene of P. bryantii B 1 4, which encodes a GSIIItype enzyme. A mutant strain of P. bryantii B 1 4 that lacks GDH activity was isolated after mutagenesis with ethylmethylsulfonate (EMS), and its growth on various N sources provides evidence that P. bryantii uses GlnN to support ammonia assimilation, and that glutamine per se compensates for the loss of GdhA activity, by serving as a precursor for glutamate formation.
Materials and methods

Bacterial strains, plasmids, and growth conditions
The bacterial strains and plasmids used in this study are listed in Table 1 . Prevotella spp. were grown in de¢ned Prevotella medium (DPM [8] ) with various concentrations of ammonium chloride, or 1.5% (w/v) trypticase peptides as the sole N source. Escherichia coli strains were maintained in Luria^Bertani broth, or minimal A medium containing 40 mM glucose [12] with either 15 mM ammonium sulfate (MA, N excess), 13.6 mM L-glutamine and 15 mM ammonium sulfate (MGGA, N excess), or 2.8 mM glutamine alone (MGG, N limiting) as the sole N sources. When required, ampicillin (100 Wg ml 31 ), tetracycline (10 Wg ml 31 ), or 1.5% (w/v) agar were added. Bacterial growth within 18U150-mm anaerobic culture tubes (Bellco, Vineland, NJ, USA) was monitored spectrophotometrically (OD 600 ) with a Spectronic 20D+ spectrophotometer (Milton-Roy Scienti¢c, Rochester, NY, USA).
Glutamine synthetase assay
Preparation of cell extracts and measurement of GS speci¢c activity by the forward (biosynthetic) assay followed the methods of Bender et al. [13] , with minor modi¢cations. Speci¢cally, magnesium was found to be inhibitory to the GS biosynthetic activity present in P. bryantii cell extracts and recombinant E. coli strains carrying the P. bryantii glnN gene, similar to the ¢ndings with GS of other Bacteriodes spp. [14, 15] , and it was subsequently deleted from the reaction bu¡er. GS speci¢c activity is expressed as nmol of Q-glutamylhydroxamate produced min 31 milligram of protein 31 .
DNA manipulations, Southern and Northern blot analysis
Unless otherwise stated, standard recombinant DNA techniques, pEcoR251-based library construction, total RNA extractions and Northern hybridization analysis were performed as described previously [8, 16] . The glnNspeci¢c probe was prepared from the 1.0-kb HindIII^Bam-HI fragment of the glnN gene. The DNA fragment was gel puri¢ed, and the probe labeled with [ 32 P]dCTP by using the Random Primer DNA Labeling System (Invitrogen, CA, USA).
EMS mutagenesis and isolation of a GdhA-defective mutant
We used a combination of EMS mutagenesis and ampicillin-enrichment procedures described by Miller [12, 17] and modi¢ed by Madeira et al. [18] to generate mutants. After treatment with 0.05% (w/v) EMS for 45 min, P. bryantii cells were washed twice with DPM basal medium and grown overnight in DPM with trypticase as the sole N source. After two rounds of ampicillin enrichment and subsequent plating on DPM^trypticase agar medium, the colonies were picked under anaerobic conditions and propagated in 5-mm-long patches on DPM^ammonia and DPM^trypticase agar plates. Presumptive gdh mutants were identi¢ed on the basis of poor growth on DPM^am-monium plates, but good growth on DPM^trypticase plates, then propagated and screened for GDH activity. This was done using GDH assay bu¡ers and reagents used in earlier experiments [5, 8] with the volumes adjusted to conform to a 96-well microtiter plate format. A single colony of the presumptive mutant strains was dispersed in the assay bu¡er and incubated at 37 ‡C for 20 min. Cells presumptively defective in GDH activity were not expected to oxidize NADPH, and the reaction mixture should £uoresce upon exposure to UV light. Strains meeting this criterion were then cultured in DPM^trypticase medium and GDH activity determined by the spectrophotometric assay described previously [8] .
Results
Cloning and analysis of the P. bryantii glnN gene
The glnN gene was isolated from a pEcoR251-based library of P. bryantii B 1 4 genomic DNA [8] by complementation of the E. coli glutamine auxotroph, strain Fig. 1 . Alignment of regions within the GlnN (GSIII) protein sequences of P. bryantii (B14), B. fragilis (BF), P. melaninogenica (PM), Synechocystis (Syn), R. £avefaciens (RF), and B. ¢brisolvens (Buty), which possess identity with similar motifs present in GSI and GSII subunit proteins. Amino acids within these regions that are conserved in all GlnN proteins are highlighted, and the consensus sequences are listed underneath. For comparison, the consensus sequences for the GSI and GSII subunit proteins are also shown, and amino acids that are conserved in all three families are shown in boldface.
YMC21. Nucleotide sequence of the entire glnN gene (GenBank accession no. AF482911) was obtained from end sequencing and primer walking subclones of pANS600, which contains a 6.4-kb P. bryantii B 1 4 genomic DNA conferring GS activity. An open reading frame of 2190 bp was identi¢ed to encode a polypeptide of 729 amino acids with a molecular mass of 79 530 Da. This is in good agreement with the estimated molecular mass for the putative GlnN subunit following SDS^PAGE analysis of E. coli YMC21 transformants (data not shown). The predicted P. bryantii GlnN protein has a high degree of sequence identity with the same proteins from Prevotella melaninogenica (81.6%), B. fragilis (57.8%), and Ruminococcus £avefaciens (55.1%), but less so to those from Synechocystis sp. PCC 6803 (46.3%) and Butyrivibrio ¢brisolvens (37.8%). Sequence alignments also demonstrated that the sequence and spatial location of motifs believed to be critical to enzyme activity were similar in all GSIII proteins, although there were clear di¡erences relative to the GSI and GSII enzymes ( [6, 19] , Fig. 1 ). Based on these results we conclude that P. bryantii B 1 4 possesses a GSIII enzyme, like other members of the Bacteroidaceae and other ruminal bacteria.
GS enzyme activity in
The GS speci¢c activity was maximal in cells cultured with 1 mM ammonium chloride (Table 2 ). There was a three-fold and ¢ve-fold decrease in speci¢c activity when the bacterium was cultured in medium containing 10 mM ammonium chloride and trypticase, respectively, suggesting that enzyme activity is subject to N regulation in a manner similar to that observed for GDH. Like B. fragilis, GS activity was measurable only by the forward (biosynthetic) assay with P. bryantii B 1 4 cell extracts, and with magnesium omitted from the reaction mixture. Similar results were also obtained with the cell extracts prepared from the E. coli YMC21/pANS600 transformants. In an attempt to increase GS speci¢c activity in cell extracts, several cations were included individually in the reaction mixtures at a ¢nal concentration of 1 mM. Of these, cobalt (205%), calcium (153%), and zinc (142%) were found to be stimulatory relative to the control assays (no additions), but copper and manganese had no measurable e¡ect. Inclusion of potassium was also found to increase GS speci¢c activity, although a much higher concentration (100 mM) was required. The GS speci¢c activities measured for E. coli YMC21/pANS600 transformants were 78 þ 5.2 and 25.2 þ 4.0 nmol Q-glutamyl hydroxamate formed min 31 mg protein 31 following growth in N-limiting MGG and Nexcess MGGA medium, respectively. Notably, the e¡ects of the cations listed above on recombinant enzyme activity were identical to those observed with P. bryantii cell extracts. These similarities between the cell extracts prepared from P. bryantii and E. coli YMC21/pANS600, in terms of the type of assay required to measure the enzyme activity and the e¡ects of cations on the assay, support the contention that the glnN gene product is the primary source of GS activity in P. bryantii.
Northern blot analysis of glnN
The glnN-encoding transcript is approximately 2.3 kb in size, similar to that predicted by DNA sequence analysis for a monocistronic message, and was detectable in total RNA extracts isolated from cells grown with either ammonium or peptides as the N source (Fig. 2) . The abundance of the glnN transcript was maximal in cells cultured with 1 mM ammonium, and decreased dramatically when the bacterium was cultured with 10 mM ammonium chloride, or with trypticase peptides. Combined with the results in Table 2 , which illustrate that GS speci¢c activity is decreased in response to growth with non-limiting concentrations of ammonium chloride or trypticase peptides, the form and amount of N a¡ects both GlnN activity and glnN transcript abundance in a manner similar to that seen with other Gram-negative bacteria. However, the exact mechanism(s) underpinning these observations awaits further study.
GS activity is required for growth of P. bryantii
Yamamoto et al. [10, 11] concluded that GS in B. fragilis was a dispensable enzyme because methionine sulfoximine (MSX), a GS inhibitor, did not inhibit bacterial growth. To examine the e¡ects of GS inhibition on the growth of P. bryantii B 1 4, the bacterium was grown in DPM with ammonium as the sole N source, and once the cultures a P. bryantii strains were grown in DPM with either 1 mM, 10 mM NH 4 Cl, or 1.5% (w/v) trypticase peptides as the sole N source. Gdh speci¢c activity was assayed as previously described [8] and is expressed as nmol NADPH oxidized min 31 mg protein 31 . GS speci¢c activity was measured using the forward, biosynthetic assay as described in the text and is expressed as nmol Q-glutamyl hydroxamate formed min 31 mg protein 31 . Data represent mean values of four separate experiments and the coe⁄cients of variation for all measurements did not exceed 10%.
reached an early exponential phase of growth (OD 600 w0.3), a sterile, anaerobically prepared solution of MSX was added to a set of cultures to give ¢nal concentrations of 0.1, 0.25, 0.5 and 1.0 mM. Sterile, anaerobic water was added to a parallel set of cultures and used as control. Although MSX inhibited the growth of P. bryantii B 1 4, its e¡ects were concentration dependent, especially when cells were grown in DPM prepared with 1 mM ammonium chloride. Under these conditions, more than 0.25 mM MSX was required to completely inhibit bacterial growth. However, when ammonium was provided in excess (10 mM), only 0.1 mM MSX was su⁄cient to terminate cell growth within one doubling time of its addition. These results further support the contention that GlnN activity is modulated in response to N source and availability. Notably, the inhibitory e¡ect(s) of MSX was overcome by the addition of trypticase to the medium. Furthermore, the addition of 4 mM L-glutamine was also su⁄cient to overcome the inhibitory e¡ect(s) of MSX (Fig. 3) . Collectively, these results suggest that GS is required for glutamine biosynthesis in P. bryantii B 1 4, but exogenous sources of glutamine, as a single amino acid or in a peptide form, can also be used by the bacterium to meet its requirements. The EMS mutagenesis and ampicillin-enrichment procedures produced a mutant (strain 334) that was defective in production of GDH activity for all growth conditions tested. Furthermore, the growth rate of the mutant strain was also reduced when ammonium chloride was used as a N source (Table 2) but there were no signi¢cant di¡erences between the mutant and the wild-type strain in terms of GS speci¢c activity. Based on these observations, we hypothesized that strain 334 carries a mutation that a¡ects gdhA gene expression and/or production of a functional enzyme. To address the hypothesis, the gdhA genes from strain 334 and the wild-type strain were ampli¢ed by high¢delity polymerase chain reaction (PCR). Several independent rounds of PCR showed that the gdhA gene sequence from strain 334 contains a C:T base transition at nucleotide 756, relative to the wild-type gdhA gene [8] . This base transition creates an arginine to cysteine missense mutation within one of the signature motifs present in all family I hexameric Gdh enzymes (RPEATGY to CPEATGY [20] ). Unlike the wild-type gdhA gene ampli¢ed using the same set of primers, the mutated gdhA gene also failed to transform the E. coli glutamate auxotroph (strain PA340) Fig. 2 . Northern blot analysis of P. bryantii B 1 4 glnN. Total RNAs were isolated from mid-exponential phase cultures grown in DPM with 1 mM ammonium chloride, 10 mM ammonium chloride, or 1.5% (w/v) trypticase^peptides as the sole N source [8] . Total RNAs (12 Wg to each lane) were separated by agarose gel electrophoresis, blotted to a nylon membrane, and then probed with the glnN-speci¢c probe (A) and an oligonucleotide complementary to 16S rRNA (B) using previously described procedures [8, 16] . to glutamate prototrophy. In addition, GdhA activity was not detected in the E. coli PA340 transformants carrying the mutated gdhA gene (data not shown). Based on these results, we conclude that the loss of GDH activity in strain 334 is attributable to this C:T transition.
Despite the virtual elimination of GDH activity, mutant strain 334 was still capable of ammonia assimilation and growth, albeit at a slower growth rate. To address whether the mutant strain uses GlnN activity and glutamine formation to compensate for the loss of GDH activity, 0.25 mM MSX was added to cultures of the strain 334 grown in DPM^ammonia medium (10 mM). As expected, MSX inhibited the growth of strain 334, but its e¡ect was overcome by the addition of 4 mM L-glutamine to the growth medium (Fig. 4) . Such results suggest an exogenous source of L-glutamine not only supports the glutamine requirements of P. bryantii B 1 4, but glutamine per se can also serve as a substrate for glutamate biosynthesis in this bacterium.
Discussion
The computational, biochemical and molecular analyses described here show that P. bryantii B 1 4 possesses a GSIII-type enzyme, and regulation of this enzyme activity can be mediated via transcriptional control(s) as well as at the level of enzyme activity. Although the actual mechanisms of N regulation remain unclear, our results establish that GlnN activity is central to the growth of P. bryantii B 1 4. This contrasts with earlier ¢ndings with B. fragilis [4] , where the addition of 0.1 mM MSX was found to have limited impact on bacterial growth. The results presented here show that the MSX concentration required to inhibit growth varied with respect to the N status, and that MSX concentrations in excess of 0.25 mM are required to inhibit bacterial growth under N-limited conditions. It seems reasonable to conclude that the 0.1 mM concentration of MSX used by Yamamoto et al. [4] was insu⁄cient to completely inhibit GS activity in B. fragilis, and this residual activity supported bacterial growth.
Mutational analysis of ruminal bacteria has not been widely practised, in part because of the recalcitrance of these bacteria to genetic manipulation. Despite its limitations, EMS mutagenesis has provided useful insights into bacterial physiology, and we describe here the ¢rst mutant strain of a ruminal bacterium defective in a pathway of ammonia assimilation. Both DNA sequencing and cloning of the gdhA gene from mutant strain 334 veri¢ed that the C :T base transition within gdhA, which results in a missense mutation within one of the highly conserved motifs in family I hexameric GDH enzymes [20] . We have previously shown that P. bryantii B 1 4 possesses a single, NADP(H)-dependent GDH [8] , therefore, inactivation of gdhA should result in glutamate auxotrophy, unless P. bryantii possesses an alternate pathway for ammonia assimilation and glutamate biosynthesis. In many bacteria, ammonia assimilation and glutamate biosynthesis can also be coordinated by the concerted actions of GS and glutamine:oxoglutarate aminotransferase (GOGAT). Similar to the ¢ndings with other rumen and gastrointestinal anaerobes [21, 22] , we have not yet identi¢ed an appropriate reductant to facilitate measuring GOGAT activity in P. bryantii cell extracts. However, the fact that an exogenous L-glutamine permitted growth of mutant strain 334 supports the contention that GS and GOGAT provide P. bryantii with an alternative scheme of ammonia assimilation and glutamate biosynthesis. However, the loss of GDH activity in P. bryantii B 1 4 negatively impacts growth of the bacterium on non-protein N sources and underscores the relevance of this enzyme to its persistence in the rumen.
In conclusion, P. bryantii B 1 4 possesses a GSIII enzyme (GlnN) that is regulated in response to N source and availability, is required for glutamine biosynthesis, and also supports an additional route of ammonia assimilation and glutamate biosynthesis. Further study is being directed towards elucidating the mechanism(s) underpinning GlnN and GdhA regulation in this bacterium.
